The heating of the plasma in the solar atmosphere is discussed within both frameworks of fluid and kinetic drift wave theory. We show that the basic ingredient necessary for the heating is the presence of density gradients in the direction perpendicular to the magnetic field vector. Such density gradients are a source of free energy for the excitation of drift waves. We use only well established basic theory, verified experimentally in laboratory plasmas. Two mechanisms of the energy exchange and heating are shown to take place simultaneously: one due to the Landau effect in the direction parallel to the magnetic field, and another one, stochastic heating, in the perpendicular direction. The stochastic heating i) is due to the electrostatic nature of the waves, ii) is more effective on ions than on electrons, iii) acts predominantly in the perpendicular direction, iv) heats heavy ions more efficiently than lighter ions, and v) may easily provide a drift wave heating rate that is orders of magnitude above the value that is presently believed to be sufficient for the coronal heating, i.e., ≃ 6 · 10 −5 J/(m 3 s) for active regions and ≃ 8 · 10 −6 J/(m 3 s) for coronal holes. This heating acts naturally through well known effects that are, however, beyond the current standard models and theories.
2008a; Pandey & Wardle 2008) are about 10 9 and 10 10 Hz, respectively, while the ion-ion and electron-ion Coulomb collision frequencies are around 10 7 and 10 9 Hz, respectively. In the corona, the Coulomb collisions occur much less frequent: νei ≃ 36 Hz and νii ≃ 1 Hz (for n0 = 10 15 m −1/3 ), and νei ≃ 0.4 Hz and νii ≃ 0.01 Hz (for n0 = 10 13 m −1/3 ).
All plasma modes (with probably one exception only, see below) are generally damped by collisions, and therefore a strong source is needed whenever one deals with waves in the (lower) solar atmosphere. However, such a (local!) source sustaining the waves over longer distances or time intervals is most often absent, even in models for coronal heating by waves. On the other hand, in the practically collision-less and very hot corona, Landau damping occurs and damps plasma waves very effectively by hot resonant ions, so that in this region too, a wave source is required to sustain the waves over a longer time interval.
There is only one mode that is able to survive the drastically different (collisional-collisionless) extremes in the different layers of the solar atmosphere, viz. the drift mode. Moreover, this mode is able to benefit (grow) from each of these extreme situations. This drift mode has been called the 'universally growing mode' in the literature. In collisional plasma, the drift mode grows due to the electron collisions and this can be described within the two-fluid model. In collision-less plasma, however, the mode grows due to the electron resonance effect in the presence of a density gradient, but this is a purely kinetic effect. The fluid description works very well in the lower solar atmosphere, simply due to the fact that the plasma is so strongly collisional there (i.e., the maxwellization is very effective). On the other hand, the kinetic description is preferred in the collision-less environment in the corona. Hence, in both extremes we have a proper environment and a proper theoretical model for studying the strong instabilities of the drift waves. Nevertheless, the driving mechanism for the waves is the same in both cases, namely the presence of a density gradient perpendicular to the ambient magnetic field vector.
Numerous observations confirm the presence of such density irregularities. Yet, the impression is that the possible role of the drift wave in the coronal heating problem is either overlooked or strongly underestimated (the mode is never mentioned in any book dealing with solar plasma). This may be partly due to the fact that the drift wave necessarily implies a multi-component fluid or kinetic description, contrary to the widely used single-fluid magnetohydrodynamics (MHD) model, within which the drift wave simply can not be studied.
The heating of the corona is one of the long-standing puzzles in solar physics and relates to the question of why the temperature of the Sun's corona is about 1 to 3 × 10 6 K (parts of the corona are even hotter) while the solar surface is only around 5600 K hot. A detailed review of the problem may be found in Narain & Umschneider (1990) ; Klimtchuk (2006) . According to Narain & Umschneider (1990) the necessary heating rates for active regions and coronal holes are around 6 · 10 −5 J/(m 3 s) and 8 · 10 −6 J/(m 3 s), respectively. Similar values and a detailed analysis of the problem may be found also in Aschwanden (2004) . Two theories on coronal heating, namely wave heating [e.g. Suzuki (2004) ] and magnetic reconnection (or nanoflares), have remained as the most likely candidates, and many solar physicists believe that some combination of these two theories can probably explain coronal heating, although 'the details are not yet complete'. Both models, however, rely on the continuum approximation (MHD) while it is clear that the actual heating takes place at length scales much smaller than those on which the MHD model is justified. Moreover, it is evident that the observed discrepancy between the ion and electron temperatures in the corona as well as the observed large temperature anisotropy, with a proton perpendicular temperature higher than the parallel temperature, are beyond the (single!) fluid model. Note also that according to a recent study (Regnier et al. 2008) , the distribution of magnetic null points (only 2% of them are located in the corona and 54% in the photosphere) is opposite to what would be required for the mechanism that is supposed to heat the corona. The heating by waves rather than by reconnection is also supported by the diagnostic of active regions presented in Milligan et al. (2005) .
A self-consistent heating model must fulfil a lot of requirements. It must: 1) provide an energy source for the extremely high temperature in corona, including 2) a reliable and efficient mechanism for the energy transfer from the source to the plasma particles, and 3) this with a required heating rate. It should also 4) explain the discrepancy be- tween ion and electron temperatures (typically Ti > Te), 5) explain the origin of the large temperature anisotropy (T ⊥ > T ) with respect to the direction of the magnetic field, particularly for ions, 6) explain the observed larger heating of heavier ions, and last but not least, 7) it should work everywhere in corona (with well known different heating requirements in active and quiet regions).
In this paper, we present a new coronal heating model that can operate in all layers and in all magnetic structures of the solar atmosphere and that is able to explain all seven requirements given above. Our model represents a new paradigm in which a) the energy for driving the drift modes and for the heating of corona is already present in corona, and, b) this energy is naturally transmitted to the different plasma species by well known effects that are, however, be-yond the standardly used models and theories. Moreover, it is based on well established, basic theory which has already been verified and confirmed by means of laboratory plasma experiments. All that is needed for the heating mechanism to work is the presence of a density gradient perpendicular to the magnetic field. In the solar corona, this may be taken rather as a fact than as a hypothesis.
INHOMOGENEOUS SOLAR PLASMA
Fine density filaments and threads in the solar atmosphere have been observed for a long time now, even from groundbased observations like those during the eclipse in 1991 (November & Koutchmy 1997) , showing a slow radial enlargement of plasma structures. On the other hand, measurements by Voyager 1 and Voyager 2 show (Woo & Habbal 1997 ) that the finest structures in the slow solar wind at around 9 R⊙ are about 3 times finer than those in the fast wind. Assuming a radial expansion, these authors conclude that the transverse sizes of these highly elongated structures at the Sun are below 1 km. The contour maps presented in Karowska & Habbal (1991) reveal the existence of numerous structures of various size. The smallest filamentary structures of the order of 1 km have been discussed also in Woo (1996) . Recent Hinode observations (De Pointieu et al. 2007 ) confirm that the solar atmosphere is a highly structured and inhomogeneous system and revealed radially spreading grass-like density filaments of various size pervading the whole domain. A very recent threedimensional analysis (Aschwanden et al. 2008a ) of coronal loops reveals short-scale density irregularities within each loop separately. Particularly clear images of coronal loops with density structures may be seen in Aschwanden et al. (2008b) and also in Warren et al. (2008) . In Fig. 1 we give some TRACE images showing many coronal loops in active regions. Such active regions do not cover the whole corona, yet the analysis from Aschwanden (2001) reveals that they require around 82% of the total energy needed to heat the entire corona.
The presence of plasma density irregularities throughout the corona implies a plasma that is not in thermodynamic equilibrium. In other words, it reveals the presence of free energy in the system. In all the examples mentioned above, such density irregularities are as rule associated with the magnetic field, creating the ideal environment for drift waves. The purpose of this work is to show that the energy stored in these density gradients may drive drift waves on massive scales. We shall point out some basic features of the drift wave instability, apply them throughout the solar atmospheric plasma and compute the appropriate growth rates. It will be shown that the growing drift wave and its subsequent interaction with plasma particles may yield the long searched solution of the problem of the heating of the solar atmosphere. The model implies that the direct energy supply for the heating comes from within the corona itself, though still maintained and replenished by some mechanisms from below the photosphere. Those include a continuous restructuring of the magnetic field implying the consequent similar changes of the plasma density (due to the frozen-in condition), and also the observed inflow of the plasma along the magnetic loops (Schrijver et al. 1999 ). To some extent, this looks similar to the currently accepted scenarios mentioned above, where the magnetic field plays an essential role and is assumed as given. However, in this new approach the dissipation of these drift waves is easy to explain in our kinetic model that works on the (very small) length scales at which the actual dissipation takes place.
The observable characteristic dimensions of the density irregularities are limited by the available resolution of the instruments (about 0.5 arcsecond in the example from Fig. 1 , that is below 400 km on the Sun). Nevertheless, even extremely short, meter-size scales can not be excluded, especially in corona . This can be seen by calculating the perpendicular ion diffusion coefficient (Chen 1988 ) for a coronal environment: D ⊥,j ≈ κTjνj /(mjΩ −1 = 10, 10 2 , and 10 5 m, where x-denotes the direction perpendicular to the magnetic field vector, we obtain for the ion diffusion velocities, respectively, 10 −3 , 10 −4 , an 10 −7 m/s only. Therefore, even very short density inhomogeneities can last long enough to support relatively high frequency drift instabilities. Hence, in dealing with the drift wave, we may operate with the density inhomogeneity scale lengths that have any value ranging from one meter up to thousands of kilometers in the case of coronal plumes.
DRIFT WAVE WITHIN FLUID THEORY
Assuming a partially/weakly ionized and collisional plasma, like in the photosphere and chromosphere, it is justified to employ the fluid model. In such an environment, the kinetic Landau damping is not expected to play any significant role as long as the ion mean free path is below the wavelength. The strong-weak Landau damping transition has been experimentally verified (D'Angelo 1968) to be at the threshold ω ∼ νi. The momentum equations that we use for electrons and ions can be written as
and
respectively. Here, νi ≡ νin and νe = νen + νei. The ion momentum change due to collisions with electrons is neglected in view of the mass difference. This is justified as long as the ion dynamics in the direction of the magnetic field vector is negligible. Otherwise it may modify the instability threshold . The shape of the equations reveals that we are dealing with electrostatic perturbations, the hot ion effects are included through the pressure and the gyro-viscosity stress tensor terms, while the left-hand side of the electron momentum equation is omitted, implying perturbations with phase speed and perturbed velocity both much below the electron thermal velocity. The dynamics of the neutrals may also be included. However, as shown elsewhere (Vranjes & Poedts 2009 ), this usually yields small or negligible corrections, and such a model works well as long as the ion sound response is negligible. Otherwise, there is an instability threshold that is modified when the dynamics of the neutrals is self-consistently included . A typical geometry of the drift wave in cylindric coordinates is presented in Fig. 2 . Here, as an example we consider a wave propagating in the poloidal and axial directions, with the poloidal mode number m = 2, in a plasma with a radially dependent equilibrium density. The actual wave fronts are twisted around the axis and have an rdependent amplitude which reaches a maximum in the area of the largest density gradient. The mode behavior in the presence of both radial and axial equilibrium density gradients is discussed in . In some regions, the drift mode may become electromagnetic, provided the plasma β exceeds the electrostatic limit. This yields a coupling of the drift and the kinetic Alfvén wave (Kadomtsev 1965; . The first experimental observation of such a coupled mode in a hot-ion plasma is discussed in Nishida & Ishii (1974) . The drift-wave part of the observed coupled modes, is strongly growing, and the maximum growth rate ωi ≃ 0.1 ωr, where ωr is the drift wave frequency. In the case of the lower solar atmosphere, as shown in , the Alfvén part of the mode is of no interest as it is always damped due to the collisions, and it will not be discussed here. Note that the usual gas viscosity is as a rule negligible even for a relatively high density environment like the photosphere and chromosphere. More details are available in .
The ion gyro-viscous components of the stress tensor that we need here are (Weiland 2000) 
Here and further we have taken B0 = B0 ez, and v
The ion perpendicular velocity obtained from Eq. (1) is described by the following recurrent formula
Here, αi = 1/(1 + ν
The velocity can be calculated up to small terms of any order using the drift approximation |∂/∂t| ≪ Ωi.
Ion diamagnetic current effects
The ion gyro-viscosity is usually overlooked in the literature and, in particular, in the domain of solar plasma, and this even in studies using the multi-component plasma theory. For the solar plasma case, this may have very important consequences because ion and electron temperatures are typically of the same order, so that a cold ion approximation and the consequent neglect of the ion gyro-viscosity can not be justified.
As a matter of fact, it is well known Weiland 2000 ) (yet standardly disregarded) that part of the ion gyro-viscosity contributes to the cancelation of some terms in the ion continuity equation. Clearly, this implies that, if the gyro-viscosity terms are omitted in the derivation, the resulting ion equations contain terms that can not possibly be there, yielding some false physical effects. The cancelation of terms appears when Eq. (3) is set into the ion continuity ∂ni/∂t+∇ ⊥ ·(niv i⊥ )+∇z·(niviz) = 0, and it involves, respectively, the diamagnetic and polarization drifts from one side
and the stress tensor drift term vπi = ez × ∇ ⊥ · πi/(miniΩi) from the other side. It is seen that, as long as the magnetic field is homogeneous, we have
describing a well known fundamental property. This is due to the fact that the diamagnetic drift is a fluid effect and not a particle drift, and therefore it can not contribute to the flux in the continuity equation. It appears due to the gyration of ion particles in the presence of density gradient, and without any macroscopic motion of the ion guiding center. However, if an inappropriate linearization is done, it gives rise to the terms ( k · v * i)ni1 in the continuity equation, that provides a false source of the current-driven instability that may be seen in the literature. The mentioned cancelation of terms is due to the convective derivative part
in the polarization drift vpi. The procedure is described in detail in Vranjes & Poedts (2006); Weiland (2000) . Within the approximation of small gradients of the equilibrium quantities, the last v i⊥ in the convective derivative (5) contains only the leading order perturbed drifts from Eq. (3). On the other hand, the first vi in (5) can only be the equilibrium ion diamagnetic drift. This is then to be used in the term ∇ ⊥ · (ni vpi) in the continuity equation. The stress tensor drift term yields
Here, ρi = vTi/Ωi. Within the second-order small terms approximation, the first term on the right-hand side in this expression cancels out exactly with the contribution of the above discussed convective derivative in the polarization drift
The cancelation of terms is exact and valid for any plasma. Moreover, the results obtained from this formal fluid theory can easily be obtained by using the kinetic theory as well [cf. ; Weiland (2000) ]. However, if the derivation is performed incorrectly, by simply ignoring the stress tensor contribution, then the resulting equations contain extra terms originating from the convective derivative in the ion polarization drift. For perturbations of the form ∼ exp(−iωt + ikyy + ikzz) this implies the presence of terms like k · v * i, which in reality cancel out exactly. A drastic example where a false 'new instability' is obtained due to these terms may be seen in Mecheri & Marsch (2008) .
Dissipative instability
In the limit of perturbations with a parallel (to the magnetic field vector) phase velocity that is considerably larger than the sound speed ω/kz ≫ cs = (κTe/mi) 1/2 , the ion continuity equation reads :
Here, the discussion from the previous section is included self-consistently. For the assumed shape of perturbations, Eq. (7) yields:
The electron perpendicular and parallel velocities are obtained from Eq. (2):
From the electron continuity we then obtain
Here Dp = νek ne0 .
The term Dp describes the usually neglected effects of electron collisions in the perpendicular direction. In most cases, in view of the small inertia, these electron collision effects are included from the electron parallel momentum. This is justified provided that 
In solar plasmas, for perturbations with an almost arbitrarily small parallel wave number this condition may not always be satisfied. This means that collisions must be taken into account in the perpendicular dynamics.
In the absence of an equilibrium electric field and for quasi-neutral perturbations, the dispersion equation of the drift mode in collisional solar plasma is:
In various limits, Eq. (13) yields different dispersion equations for the drift wave known from the literature. The most simple case is for collision-less plasma, when the right-hand side in Eq. (13) 
In the case of cold ions and for Dz ≫ Dp, we obtain from Eq. (13) the same oscillation frequency as in the previous example. But the growth rate due to electron collisions is Weiland 2000) 
As mentioned earlier, this describes the drift mode growing in the presence of electron collisions. The full Eq. (13) can be solved numerically, taking relevant parameters for the solar atmosphere at various altitudes . The result represents an interplay between the ion collisions that damp the mode, and the electron collisions that produce the growth rate approximately given by Eq. (15). This may have a great importance in terms of plasma heating because the wave is always present in inhomogeneous plasmas, and it grows on the account of collisions of light species, while in the same time the wave energy is continuously absorbed by the collisions of heavy species. The process continues till it runs out of energy. In other words, it continues as long as the source (i.e., the density gradient) is present.
KINETIC INSTABILITY OF DRIFT WAVE
In most of the corona the collisions are not expected to play an important role and consequently the drift dissipative instability may not be of much importance. In addition, regarding the problem of coronal heating as a background and motivation for any wave analysis, in the case of so limited collisions an efficient mechanism for transfer of energy from the wave to plasma is missing. However, this is not so within the frame of the drift wave kinetic theory. In that case, the process develops as follows: the interaction of the wave and electrons is destabilizing and the mode grows due to Cherenkov-type interaction (in the presence of the density gradient), while in the same time its energy is absorbed by ions due to Landau damping. This may be seen from Weiland (2000); Ichimaru (1980) where, under the conditions
the wave properties are described by the frequency
and the corresponding growth rate
Here,
and I0 is the modified Bessel function of the first kind and of the order 0. The first condition in (16) refers to the use of approximative expressions for the plasma dispersion function, while the second condition implies a strongly magnetized plasma, and the third implies that the acoustic part in the dispersion equation can be omitted. Eqs. (17) and (18), as well as Eq. (13), are obtained using a local approximation. This implies that the characteristic length for the change of the mode amplitude in the direction of the density gradient, is much larger than the perpendicular wavelength, i.e., (d/dx) −1 ≃ Ln ≫ λy. Otherwise, an eigen-mode analysis is to be used, see for more details in Vranjes & Poedts (2004) and . Note that in the appropriate limits (k (14) and (17) coincide. In Eq. (18), the last term in the square bracket is positive. It describes the damping on ions and introduces a threshold in the mode instability that is of importance only in plasmas with hot ions, yet negligible as long as ωr/kz ≫ vTi (hence the reason for interest in small kz). The necessary condition for the instability follows from the first term where we must have ωr < ω * e, that is as a rule easily satisfied. Equations (14) and (17) reveal the presence of the energy source already in the real part of the frequency ωr ∝ ∇ ⊥ n0, while details of its growth due to the same source are described by Eqs. (15) and (18).
As an example, in Fig. 3 the growth rate (18) is calculated for an electron-proton plasma in terms of the parallel wavelength λz by taking B0 = 10 −2 T, n0 = 10 15 m −3 , Ln = [(dn0/dx)/n0] −1 = s · 100 m, and for λy = 0.1, 0.3, 0.5, and 1 m. Because ky ≫ kz, the corresponding wave frequencies are practically constant and have approximate values 186, 210, 254, and 307 Hz, respectively (this assuming s = 1, but see below). In all these cases, we have very strongly growing drift modes. Note that in all four cases (18) normalized to the wave frequency ωr in terms of the parallel wavelength, for several perpendicular wavelengths λy, and for the density scale-length Ln = s · 100 m, s ∈ (0.1, 10 3 ).
ωr < ω * e, and the growth rate changes sign because of the varying (with λz) contribution of the ion part in Eq. (18). Observe the extremely fast growth for short perpendicular wavelengths λy. The growth rate increases with λz and may easily become much larger than ωr. Yet, strictly speaking, in that case the assumption of smallness of the imaginary part with respect to the real part, used in the expansion of the plasma dispersion function, is violated, and the problem must be treated numerically. In the examples presented in Fig. 3 , the conditions used in obtaining Eq. (18) are formally well satisfied, i.e., ωr ≪ Ωi and in the given range of kz, we have kzvTi < ωr < kzvT e, and also the sound branch is always far below the drift branch. For the given parameters, the Debye length λ d is around 1 mm only, and even shorter values of λy are permissible. The local approximation is also well satisfied and the mode growth is expected to take place throughout the density gradient. For the given density, the plasma-β is around 0.6me/mi.
A simple way to demonstrate that a similar mode behavior can take place at various inhomogeneity scale-lengths Ln (in other words at various places in the corona), is to keep the ratio λz/Ln fixed. Thus, with the same parameters as above we set Ln1 = s · Ln, λz1 = s · λz, where s takes values, e.g., between 0.1 and 10 3 . It can easily be shown that the graphs from Fig. 3 remain exactly the same. In other words, the ratio γ/ωr remains unchanged, although both γ and ωr are shifted towards lower values. For example, for s = 10 3 , i.e., Ln1 = 10 5 m, λz1 = 10 7 m, and taking λy = 0.5 m, we have γ/ωr = 0.26. This is the same as the value of the line labeled c in Fig. 3 , for λz = 10 km (and correspondingly Ln = 100 m). Yet, now γ = 0.07 Hz, and ωr = 0.25 Hz. Such a variation of s may be used to describe the natural change of the radial density gradient when we move along a magnetic flux tube, that may appear due to the diverging tube geometry. So the mode growth occurs everywhere along the given flux tube. Hence, as long as the conditions (16) used in the derivations are satisfied, the results in Fig. 3 are valid for any s in the range 0.1 − 10 3 . Next, we check the mode behavior with respect to the perpendicular wavelength λy. We fix Ln = s · 100 m, keep the other parameters the same as above, and calculate the growth rate for λz/s = 7, 10, and 15 km. The result is presented in Fig. 4 . The graphs and the damping in the short λy range (for λz = 7 m) are in agreement with Fig. 3 .
In Fig. 5 we present the mode growth rate in terms of Ln, for the same plasma parameters as above. The graphs remain unchanged for any s ∈ (0.1, 10
3 ). The frequency is 507 Hz (at Ln = 50 m), and 254 Hz (at Ln = 170 m), for s = 1. In the case s = 10 3 , the frequency is 0.5 Hz (where now Ln = 50 km), and 0.15 Hz (at Ln = 170 km).
A similar quantitative analysis may be preformed for densities several orders of magnitude below the used value, and for at least one order of magnitude higher density as well, resulting in the same wave behavior, with only some shift in the wave frequencies and wavelengths. This is seen On the other hand, for densities that are two or more orders of magnitude larger than the earlier used value 10 15 m −3 , and thus for a larger plasma-β, a coupling with electromagnetic Alfvén-type perturbations may take place (Hasegawa 1975) . As shown elsewhere , the drift mode behavior will remain similar even in that case. The frequency becomes slightly reduced and a part of the wave energy is spent on the coupling with this additional Alfvén mode that appears to be always damped by collisions. This coupling is described by the following dispersion equation (Weiland 2000; 
Here, c In view of all these results, we stress again an important difference of the drift wave as compared to other plasma modes. The mode frequency given by Eq. (17), already by its form implies the presence of an energy source stored in the density gradient. This free energy is then responsible for its growth, either due to kinetic or fluid effects, and the details of the growth are described by Eqs. (15) and (18). Compare this with, e.g., an Alfvén ω = kca, or a sound mode ω = kcs, where the given dispersion equations only allow for the possibility for the plasma to support these modes, on the condition that an additional energy source is provided.
As for the experimental verification of such a very strongly growing drift-wave instability, one (out of many) may be found e.g., in Brossier et al. (1971) for a similar almost collision-less hydrogen plasma with Te = 14 eV, Ti = 2 eV, B0 0.35 T, and the density n0 = 10 16 m −3 . Note that in the experiment the maximum observed linear growth-rate was very high: ωi ≃ ωr = 7 · 10 5 Hz.
Electron acceleration by parallel wave-electric field
The electrostatic drift mode presented in Figs. 3-6 implies a time-varying electric field, whose parallel component |∇zφ|/E d = |kzφ|/E d , normalized to the Dreicer runaway electric field, for λz = 10 km and φ = 60, 80 V/m, is 3.1 and 4.1, respectively. Here, we use λy = 0.5 m, B0 = 10 −2 T, n0 = 10 15 m −3 , Ln = [(dn0/dx)/n0] −1 = 100 m, and the reason for the given values of φ will be given in the forthcoming sections. The Dreicer electric field is (Dreicer 1959 
1/2 is the plasma Debye radius, and b0 = [e 2 /[12πε0κ(Te +Ti)] is the impact parameter for electron-ion collisions . For the given temperature of one million K, we have Lei = 20.1, λ d = 0.0015 m, and the Dreicer field is 0.012 V/m. Hence, the parallel wave field exceeds the Dreicer field so that the bulk plasma species (primarily electrons) can be accelerated/decelerated by the wave in the parallel direction. The acceleration is more effective on particles that are already more energetic, resulting in a distribution function considerably different from a maxwellian. This may be one of the reasons behind the observed kappa-distribution in the outer solar atmosphere and in the solar wind.
For s = 10 3 and for the two values of φ mentioned above, the normalized electric field is 0.003 and 0.004, respectively. For such small normalized values, and also in view of the fact that the electron mean-free-path is orders of magnitude below the parallel wave-length, the effect of the acceleration on the bulk electrons is negligible.
The electron parallel velocity in such a time-varying wave-electric field E0 cos(kzz − ωrt), is approximately given by Bittencourt (1995) 
Here, v0 and z0 are the starting electron velocity and position in the parallel direction, respectively. Clearly, the acceleration of every separate particle is dependent on its particular velocity v0, the lowest being for those with v0 = 0. A strong acceleration will take place for resonant particles satisfying v0 = ωr/kz [see also in Fletcher & Hudson (2008) ]. For the parameters used above λz = 10 km and λy = 0.5 m, we have ωr = 254 Hz, and γ/ωr = 0.26. Thus, the resonant particles are those with v0 = 404 km/s ≃ 0.1vT e. The acceleration of electrons with different starting velocities is seen in Fig. 7 , where the achieved velocity v(t) (normalized to vTe) is presented for three electron populations with v0/vTe = 0, 0.05, and 0.08. The figure describes the different effective oscillation periods 2π/(kzv0 − ωr) and the amplitudes of the three electron populations within the same wave period τE = 2π/ωr = 0.025 s of the electric field with φ = 80 V (which coincides with the electron population with v0 = 0).
The given time variation implies electron fluxes in both directions along the z-axis. For the line labeled III in Fig. 7 , we have the electron velocity ∆v ≃ 40vT e corresponding to the energy of 10 −14 J, or around 69 keV. This oscillatory acceleration/deceleration is expected to considerably contribute to electron heating only if νe ≫ ωr. The process is also accompanied by a radiation, with the energy (Panofsky & Philips 1978) radiated by an electron
Setting as an example ∆t = τE, for this particular case we obtain a very small energy ∆Σ = 1.4 · 10 −35 J radiated by an electron in one act of deceleration.
Because the wave-field is, in fact, created by the plasma particles, this acceleration/deceleration should have a feedback effect onto the wave itself. Clearly, it may affect the wave amplitude, especially for shorter wavelengths. In this case, the escaping electrons imply a lower amount of them remaining to shield the ion perturbations, and the perturbations should be increased. Yet, this all could be captured consistently only by numerical tools.
Plasma heating by the drift wave
From Eq. (18), it is seen that for a wave frequency below ω * e, the dissipation rate can formally be written as ωi = |γ el | − |γion|, and two parallel mechanisms of plasma heating are in action here.
The term |γion| is responsible for the Landau dissipation of the wave energy and, consequently, for the heating of the plasma. So, as long as the density gradient is present, there is a continuous precipitation of energy from the wave to the plasma. Note that similar heating due to the Landau dissipation of the ion acoustic mode (D'Angelo 1968) predicts a stronger heating of ions (Revathy 1977) , in agreement with observations.
On the other hand, the term |γ el | produces a growth of the wave, and this implies another (stochastic) heating mechanism that also involves single particle interaction with the wave. This is a process described and experimentally verified in McChesney et al. (1987) ; Sanders et al. (1998) . For drift wave perturbations of the form φ(x) cos(kyy+kzz− ωt), |ky| ≫ |kz|, one finds the ion particle trajectory in the wave field from the following set of equations:
The analysis from Sanders et al. (1998) reveals that stochastic heating takes place for a sufficiently large wave amplitude, more precisely for
The maximum achieved bulk ion velocity is shown to be proportional to the wave amplitude and is given by
Ideally, this requires
so that the wave amplitude may grow and at some point both heating mechanisms may take place, simultaneously. The condition (24) can easily be satisfied in view of the almost unlimited range of the parallel wave number kz, so that the ion Landau damping can be made small, i.e., |ω/kz| ≫ vTi.
In the stochastic heating due to the drift wave, the ions move in the perpendicular direction to large distances and feel the time-varying field of the wave due to the polarization drift vp = (∂ E/∂t)/(ΩiB0) [the sixth term in Eq. (3)], and as a result their motion becomes stochastic. In other words, the polarization drift of the ions becomes comparable to the E × B drift, and the displacement due to the polarization drift is comparable to the wavelength. The single-ion motion becomes chaotic because of trapping (in the wave potential well) and de-trapping due to the magnetic field. The polarization drift is in the direction of the wave number vector, which emphasizes the crucial electrostatic nature of the wave in the given process of heating. Also important to stress is that in this scenario the stochastic heating is highly anisotropic, and it takes place mainly in the direction normal to the magnetic field B0 (both the x− and y-direction velocities are stochastic). In the same time, in view of the mass difference and the physical picture given above, this heating scenario predominantly acts on ions. The heating is maximal in the areas of strong density gradients (the areas of maximal drift wave activity), and also proportional to the strength of the magnetic field (the stronger the field the more localized heating). All these facts have been confirmed experimentally and, in the solar case, satisfy the observational constraints for the coronal heating mechanism discussed in the introduction.
As a matter of fact, in application to coronal plasma, the indication or proof that the described heating really takes place would be: i) an ion temperature anisotropy T i⊥ ≫ Tiz, ii) a possibly higher ion temperature in comparison to electrons, and iii) a better heating of heavier ions. Observations show that i) may be taken rather as a rule than as an exception [see in Li et al. (1998) , Cuseri et al. (1999) , Cranmer et al. (2008) ], i.e., the perpendicular stochastic heating is more dominant compared to the parallel heating. This may also be expected from Fig. 3 , where the Landau resonance ω/kz ∼ vTi takes place for short wavelengths. For example, in the case of line c there, having vT i ≃ 91 km/s, the ion resonance takes place at λz ≃ 2.2 km, i.e., in the domain where the wave is strongly damped and will not appear at all. There are also numerous indications that confirm the features ii) and iii). As an example, we refer to graphs from Hansteen et al. (1997) , where Te < TH < THe throughout the corona and the solar wind. Similar results may also be seen in Cuseri et al. (1999) and Cranmer et al. (2008) , and in references cited therein.
A stronger heating of heavy ions can be understood from Eq. (23) and after expressing the effective temperature in terms of the ion mass T ef f (mi) = miv 2 max /(3κ). From the derivative dT ef f (mi)/dmi > 0, we find that the heating increases with the ion mass if:
For λy = 0.5 m, λz = 10 km, Ln = 100 m, we obtain from Eq. (18) ωi/ωr = 0.26 and ωr = 254 Hz. Note that in this case a ≃ 1 and the stochastic heating is in action. Assuming small starting perturbations eφ/(κTi) = 0.01, i.e., φ = 0.86 V, the value φ = 60 V is achieved within τg = 0.06 s. Those were the reasons for the amplitudes of φ used in the preceding section. For φ = 60 V we then have Ti(λy, µ) = 0.881 + 0.057µ/λ 2 y + 1.78λ 2 y /µ (normalized to the starting temperature Ti = 10 6 K). In Fig. 8 , we plot the obtained temperature in terms of the ion mass (normalized to the proton mass), and the perpendicular wavelength λy. It is seen that for short λy, and therefore for fast growing modes, the heating is always larger for heavier ions.
Using the same starting set of parameter values as above, by using Eqs. (22) and (23), in Table 1 we calculated the effective increase of the ion temperature for hydrogen and helium for several wave amplitudes and perpendicular wavelengths. The results confirm and quantify the conclusions drawn above. The stronger heating for helium (values in brackets) in the short wavelength range is because the condition (25) is easily satisfied. Obviously, the proposed mechanism is more than efficient enough to heat the ions in the solar corona to the observed temperatures.
Assuming again small perturbations eφ/(κTi) = 0.01 for λ = 0.5 m, Ln = 100 m we have the above given values for ωi, ωr, and the value φ = 60 V achieved within τg = 0.06 s. The maximum energy released per unit volume is Σmax = n0miv 2 max /2 = 0.04 J/m 3 . The energy release rate Γmax = Σmax/τg ≃ 0.7 J/(m 3 s) amounts to 4 orders of magnitude above the necessary value.
However, for Ln = 100 km (i.e., setting s = 1000) we obtain ωi = 0.07 Hz, ωr = 0.25 Hz, τg = 64 s, and consequently Γmax = 6.3 · 10 −4 J/(m 3 s), that is around 10 times the value presently accepted as necessary. Hence, the heating rate in large magnetic loops comes close to the required values. Similar estimates may be made for still larger Ln, yet the conditions under which the previous expressions are derived become violated and a numerical approach is required in this case.
For the typical achieved effective temperatures from Table 1 , we have a heating rate of ions of the order of 10 7 − 10 8 K/s, which is similar to the heating rate obtained in the experiments Sanders et al. (1998); McChesney et al. (1987) . Observe also that the magnitude of the electric field which we are dealing with, is of the same order as in the experiments.
However, some effects that are not included here may reduce the energy yield, especially at shorter spatial scales. They read as follows. In reality, the nonlinearity Lee & Okuda (1976) and collisions lead to the radial flattening of the density profile in the region occupied by the wave, resulting in the saturation of the growth. The flattening in some region △r occupied by the wave, around a point r0, leads to the saturation of the instability in this particular region. However, the process is accompanied by a simultaneous steepening of the density profile outside the region r0 ± △r/2. These newly created (and also even steeper) density gradients will support the excitation of new modes now at different positions in radial direction. So here we have a sort of 'double cascade': the regions affected by the excitation of waves (and the heating) are shifting radially in both positive and negative directions. In other words, the starting instability (and heating) initiated around the position r0 (and in the same time extraordinarily elongated in the axial direction because kz/ky ≪ 1) will have the tendency of spreading radially.
The energy diffusion (due to any reason) in the perpendicular direction may reduce the local effects of the demonstrated strong heating rate. The earlier given Eq. (19) describes the coupling with the Alfvén wave, that is proportional to kzky. All these effects (the nonlinearity, collisions, particle acceleration by the electric field, diffusion, and coupling with the Alfvén wave) will more effectively act on short scales. All of them, except the particle acceleration, will tend to reduce the mode amplitude. The actual values for Γ are thus expected to be below Γmax. Therefore, the apparently too large release of energy at short scales, as formally obtained above, may in reality be considerably reduced. Clearly, more accurate estimates and more detailed description may be obtained only numerically.
Some additional features of the drift wave may also play a crucial role. First, the mode becomes easily nonlinear, and, second, within the nonlinear theory it allows a double cascade in k-space, i.e., the transport of the wave energy both towards large and short wavelengths. Hence, due to nonlinear three-wave parametric interaction, a mode growing for certain ω0, k0 will tend to excite modes at rather different (both smaller and larger) ωj, kj , and in the end those will always include the modes that heat the system most effectively. For example, the shape of Eq. (23) reveals that vmax ∼ a1ky + a2/ky and, in terms of ky, vmax has a minimum at k 2 c = 1.9κTi/(ρ 2 i eφ). Hence, even if a mode with wave number kc does not produce a so large maximum bulk velocity vmax, it will nonlinearly excite modes with ky far from kc and there will be a stronger heating with this nonlinearly generated mode.
Heating of cool corona
In sections 4.1 and 4.2, we have demonstrated the possibility for sustainable coronal temperatures of around million K with the discussed drift wave mechanism. Assume now a relatively cool starting corona, with a temperature of only 10 4 K (the value taken high enough in order to neglect the presence of neutrals) and let us calculate the time that is needed to achieve the temperature of 1 million K, using the same mechanism.
We first chose the least favorable value ky = kc calculated above. This yields a = 1.9 for any mode amplitude φ, so we have the stochastic heating in action. For these a, kc, from Eq. (23) we obtain vmax = 3.8Ωiρi[eφ/(1.9κTi)] 1/2 . The effective temperature of 1 million K implies that the mode amplitude has the value φ = φm = 34 V. This then yields ky = kc = 23.14 1/m and λc = 0.27 m.
Hence, choosing λ = λc, and λz = 50 km, Ln = 100 m, and n0 = 10 15 m −3 , from Eqs. (17) and (18) we find ωr = 18.3 Hz and γ = 0.75 Hz. Assuming a small starting perturbation of the potential φ = 0.0086 V, i.e., eφ/(κTi) = 0.01, with the given growth rate we find out that the mode amplitude φm (at which the temperature achieves the required value of million K due to the stochastic heating), is reached at longest within 11 s. For any other value of λy we will have a shorter growing and heating time.
KINETIC CURRENT-DRIVEN DRIFT WAVE INSTABILITY
In the presence of an additional energy source, in the form of an electron current in the direction of the magnetic field vector, the drift wave becomes even more unstable as compared to the previous collisionless kinetic instability. The mode frequency and the growth rate, with some additional features and details , are then given by: 
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Here, u0 is the electron current, the starting ion temperatures in the perpendicular and parallel direction are allowed to be different, and we use the notation from 
In solar corona environment, such electron currents may appear in the processes of magnetic reconnection. An example with the same phenomenon for the terrestrial atmosphere is given in Serizawa & Sato (1984) .
We calculate the growth rate (27) numerically by taking B0 = 10 −3 T, n0 = 10 13 m −3 , Ln = [(dn0/dx)/n0] −1 = 1 km, Te = T i⊥ = 10 6 = 2Tiz, and λz = 200 km. This different set of parameters is chosen only for a change, in view of the comments given earlier in Sec. 4 (see also Fig. 6 ). The result is presented in Fig. 9 , where the growth rate ωi(λy, u0) is normalized to the wave frequency ωr(λy, u0). We observe that for the given set of parameters, the current additionally increases the growth rate. This is seen by comparing the limits u0 = 0 and u0 = 10, for e.g. λy = 15 m, where the growth rate is increased by about a factor 20. However, the effect is of less importance for shorter wavelength (see the limit λy = 5 m). In the given example, the mode frequency is below ω * e, so that the wave is growing anyhow, and this is due to the kinetic effects presented in the previous sections.
The real importance of such an electron flow is completely different in the limit ω ≃ ω * e when the instability sets in provided that the electron current exceeds a certain threshold. This may be checked for example by setting larger values for B0 when the kinetic instability from the previous sections vanishes (because for the given parameters ω * e is reduced so that ω ω * e). Yet, the wave instability reappears for a sufficiently large u0, but it is now the current-driven one. Exactly such a sort of behavior was verified experimentally in Hatakeyama et al. (1980) . Hence, for example we take the magnetic field for one order of magnitude larger B0 = 10 −2 T, and the result is presented in Fig. 10 . The contour lines of ωi(λy, u0)/ω(λy, u0) in Fig. 10 yield only the current-driven drift wave for sufficiently large λy. (26) and (27) for B 0 = 0.01 T, showing the current-driven drift-wave instability in the vicinity of threshold.
Plasma heating
The heating of the plasma by this current-driven drift-wave instability, as experimentally measured in , has similar properties as the one discussed in the previous text. This implies the following facts: i) the anisotropy in the ion heating (T i⊥ > Tiz, ii) the heating time being comparable to the growth time of the drift wave and proportional to the wave energy (square amplitude), iii) the perpendicular heating being associated with the leading order perturbed perpendicular drift, while the parallel heating is associated with the ion Landau damping. We stress that the collisional counterpart of the above described current-driven drift-wave instability, applicable to the lower solar atmosphere, may be found in Ellis & Motley (1978) where it has been explained and also experimentally verified.
ION-CYCLOTRON DRIFT WAVE
In the case of high-frequency electrostatic perturbations satisfying the condition ωr ∼ Ωi, and in the presence of a density gradient, we have an ion-cyclotron drift (ICD) wave, also called the ion Bernstein mode in the literature (Ichimaru 1980) . This mode has been theoretically predicted (Mikhailovskii & Timofeev 1963) and experimentally verified (Hendel & Yamada 1974) long ago. The kinetic description given in Ichimaru (1980) ; Mikhailovskii & Timofeev (1963) ; Hendel & Yamada (1974) reveals the same instability mechanism as in the case of the kinetic drift wave instability presented before. However, in order for the instability to take place, the drift-wave branch and the ion-cyclotron branch must get close to each other. In that case, instead of the intersection of two dispersion lines, we have only one complex-conjugate solution. Clearly, to have this, the equilibrium density scale length must be very short to make the frequency of the drift part high, this because for the drift wave ωr ∼ 1/Ln. An application to solar plasma of this in- stability is discussed in . As shown in Ichimaru (1980) , the ICD mode grows if the following instability condition is satisfied:
Here, ω1 = ω * e/(1+k
1/2 kyρi] We stress that the ion-cyclotron mode itself has been discussed a lot in the past in the context of problems related to the heating of the solar corona, see e.g. Cranmer et al. (1999 ), Cranmer (2000 , Hollweg & Isenberg (2002) . The reasons for this are the same as those discussed in the previous sections: the evidence obtained from in situ measurements in the solar wind and coronal holes of resonant ion cyclotron heating, and a preferential heating of coronal ions (with respect to electrons), that in the same time is most dominant in the direction perpendicular to the magnetic field lines. In this context, the damping of such IC waves is believed to be a good candidate for the consequent coronal heating and solar wind acceleration (Markovskii 2001 ). Yet, as in many wave-heating scenarios of the corona proposed in the past, there is the problem of the source for the required generation of such IC waves throughout the corona. The effects proposed as sources for the IC mode are global resonant MHD modes (Markovskii 2001) , currents (Forslund 2001; Toichi 1971) , etc. However, as a rule, these effects themselves need some source, so the problem is not solved but merely shifted to another problem.
The analysis performed in and in the previous sections, demonstrates that such a source (the density gradient) exists, and the mechanism which it implies is well known in the literature but not used or studied in the context of the solar plasma, and it is able to produce growing ICD modes on massive scales. For example, in Fig. 9 we give the contour plot of S(ky, Ln) from Eq. (28). The figure shows a narrow range of Ln and λy within which the ICD is growing, S(ky, Ln) > 0. The parameters are the same as before: B0 = 10 −3 T, n0 = 10 13 m −3 , and Te = Ti = 10 6 K. The instability shown here implies shortscale density inhomogeneities. However, this scale can be increased for example by decreasing the magnetic field intensity. Setting 10 −4 T and also reducing the number density by one order of magnitude, yields the necessary density scale length Ln for the unstable modes of the order of 60 meters. Observe that such reduced values may be obtained e.g. by moving further along a flux tube, implying that the mechanism may work at various altitudes in the solar atmosphere.
Stochastic heating of plasma by ICD wave
A stochastic heating mechanism, similar to the case discussed previously for the drift wave, is also known to exist in this particular frequency domain. This has been discussed in Karney & Bers (1977) . It is shown that the stochastic heating by a perpendicularly propagating electrostatic wave, satisfying the condition ωr ≃ lΩi, l = 1, 2, · · ·, takes place if the mode amplitude exceeds the limit:
The condition is obtained after analyzing the same equations as Eq. (21). This yields the wave potential φ = B0Ωil 2/3 /4 = 24l 2/3 . The results from provide the maximum mode growth rate ωi/ωr ≃ 0.1. For the given magnetic field we have Ωi ≃ 10 5 Hz for protons. Now, assuming small starting electrostatic perturbations eφ/(κTi) ≃ 0.01, and setting l = 1, we find out that the required wave potential amplitude is achieved within about 3 · 10 −4 s only! Hence, in the given coronal environment the stochastic heating condition (29) is practically instantaneous. It develops in the way already described in the pervious text.
CONCLUDING COMMENTS
We have presented a few (out of many) physical effects that make the drift mode growing. There exist many more phenomena that lead to the growth of drift waves but these are not discussed here at all, e.g. the temperature gradient driven drift wave instability, shear flow instability, etc. As a matter of fact, the presence of a temperature gradient implies an additional source of energy and an instability provided that the temperature and density gradients have opposite sign (Rudakov & Sagdeev 1961) , i.e., ∂ ln T /∂ ln n0 < 0. One particularly strong mechanism leading to an instability is a sheared flow. The term 'shear flow' refers to the flow of the plasma as a whole along the magnetic field vector and having in the same time a gradient in the perpendicular direction. Such a current-less instability [known also as D'Angelo mode (D'Angelo 1965) ] has an extra energy source in the flow gradient. A kinetic theory analysis of this instability as given in Ganguli et al. (1994) , while its most recent experimental verification may be found in Kaneko et al. (2003) . In Saleem et al. (2007) such a shear flow instability is discussed within the fluid theory in application to coronal spicules, showing strongly growing modes with the possibility for ωi > ωr. Because of the radial density gradients, solar spicules are an ideal nursery for the drift wave instability. Growing drift waves are simply carried upwards by the plasma flow inside each of them. In the same time they are numerous (at least 10 5 of them are present throughout the Sun at every moment). There are also evidences of the presence of plasma flows along the magnetic flux loops Schrijver et al. (1999) . While the magnitude of these axial flows is determined (showing subsonic flows with velocities up to 100 km/s), their eventual inhomogeneity in the radial direction remains an open question. Yet, there are no obvious physical reasons that would exclude them. The inflow of more dense plasma along a magnetic flux tube from lower (cooler) layers may then imply the simultaneous presence of a density gradient (towards the axis) and a temperature gradient (outward oriented). In such a geometry, the mentioned temperature-gradient instability may develop, or/and it may be combined with the shear-flow instability.
In reality, and in particular in the heating processes in the solar corona, the simple growth-damping process of a coherent wave, and the consequent heating due to the resonant interaction with plasma particles, can not be a completely accurate picture. It is rather an interplay between various processes that may happen in the same time and place, like collisions, mode growth, kinetic effects, nonlinearity and turbulence, and stochastic ion and electron heating. The results presented here show that the stochastic heating related to the drift wave is a powerful mechanism that switches on for sufficiently large mode amplitudes. The properties of the resulting heating process are such that they are consistent with all the observed features of the plasma heating in the solar atmosphere. On the other hand, there is plenty of energy for the mode itself, stored in the omnipresent density gradients. To our knowledge, there is no other available heating model like the one presented in this work, that is so clearly able to fulfill all these requirements.
The presented mechanism removes the necessity for explaining the most crucial problems of coronal heating: namely i) how the (right amount of) energy is transmitted from 'sources below' the photosphere to the corona, and ii) how this energy is dissipated locally in the corona (at the right rate). Instead, we showed, first, that a sufficient amount of energy for driving drift modes is already present in the corona, and, second, that it is naturally transmitted to the different plasma species by well known effects that are, however, beyond the standardly used models and theories. Hence, the proposed mechanism is based on a novel paradigm that allows a self-consistent solution model. The heating mechanism implies instabilities on time and spatial scales that are currently not directly observable by space probes. However, all the effects presented here are directly experimentally verified under laboratory conditions. Their indirect confirmation in the context of the solar corona seems to be also beyond doubts. This is because the consequences of the heating process, as enlisted earlier in the text (temperature anisotropy, better heating of heavier ions, hotter ions than electrons), are indeed verified by satellite observations.
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